We investigated the origin of broad luminescence observed from an array of site-controlled InGaN nanodots grown by selective area epitaxy (SAE). Epitaxially grown site-controlled nanodots with lateral dimensions <50 nm and an array density of 10 10 cm À2 have been studied. During the nanoscale SAE, incorporation of adatoms from the SiO 2 mask has greater relative importance, resulting in a non-uniform growth profile. This non-uniform growth profile leads to significant broadening of the InGaN nano-heterostructure luminescence. Later in the SAE process, an orientation-dependent growth rate coalesces various crystal planes and transforms these nanostructures into a more uniform array.
1 Introduction III-nitride nanostructures possess unique properties, such as a wide tuning range for the emission wavelength [1, 2] large exciton binding energy (!26 meV in bulk) [3, 4] , and robust spin coherence [5] , making them particularly attractive for applications in nanophotonics [6, 7] , spintronics [5, 8] , and quantum information processing [7, 9] . In many of these applications, it is critical to be able to control the dimension and location of the nanostructures. For example, exciton-cavity coupling requires the precise placement of a single quantum dot heterostructure at the anti-node of an optical cavity [10] . To date, most of the III-nitride nanostructures have been fabricated by the self-assembled Stranski-Krastanow (SK) growth [11] , which does not enforce control over the structures' position or dimension, demotivating their practical use on the device level. In recent years, selective area epitaxy (SAE) using metal-organic chemical vapor deposition (MOCVD) has been proven to be feasible for the fabrication of a variety of site-controlled III-nitride nanostructures, such as nanowires [12] and nanodots [2, [13] [14] [15] [16] [17] [18] . During SAE, the morphology of the three-dimensional epistructure grown within the mask opening evolves according to the growth dynamics [12, 19] , source supply mechanisms [20, 21] , and growth rate anisotropy [22, 23] . Because optical properties of III-nitride heterostructures strongly depend on the anisotropic piezoelectric fields [2, 19, [24] [25] [26] [27] , it is important to understand and control the morphology of each epitaxial layer in SAE. In this paper, we study the growth profile evolution of a high-density site-controlled III-nitride nanodot array with sub-50 nm diameters, both theoretically and experimentally.
2 Experimental 2.1 Nanostructure growth Figure 1 shows site-and dimension-controlled InGaN nanodots fabricated by two different methods, one by SAE and the other by top-down etching of an InGaN single quantum well (SQW) into nanopillars. The sample preparation for the SAE-grown structures is as follows. First, a 1.5-mm thick GaN template was epitaxially grown on a c-plane sapphire substrate at 1050 8C with a 25 nm low-temperature nucleation layer. A 40 nm thick SiO 2 layer was then ex situ deposited by plasmaenhanced chemical vapor deposition. The SiO 2 layer was patterned into an array of nanoscale holes with diameters of 25 nm for the subsequent SAE using electron-beam lithography (Raith 150 with PMMA resist) and reactive ion etching (Oxford Instruments PlasmaTherm 790).
The spacing between two adjacent nanoholes was fixed at 100 nm, giving an array density of 10 10 cm
À2
. After the removal of the PMMA resist by acetone and oxygen plasma [20, 21, 28 ] to aim for 20 nm nominal GaN thickness, followed by 3-nm nominal InGaN thickness at nominal indium composition of 15%, followed by GaN capping. Once the cap GaN layer grew beyond the aperture, the morphology became dominated by different growth rates along different crystallographic orientations. As a result, the slowest-growing plane emerged at the end. As for the top-down etched sample, an InGaN SQW with 3-nm well width was patterned with 25-nm-diameter Cr nanodots as etch masks, whose lateral dimension passed down to the nanopillars after RIE, and hence the 25-nm-diameter InGaN quantum disks were embedded in the nanopillars.
2.2 Nanostructure morphology and optical characterization Both samples were imaged by scanning electron microscopy and displayed a uniform array as shown in Fig. 1a and b for the SAE and top-down etched samples, respectively. The variation of the dot's lateral dimension in both samples was less than 5 nm. To measure the optical properties of these two samples, a total of 10 4 nanodots were excited at room temperature using a 390-nm wavelength pulsed laser (130 fs). The beam spot was intentionally controlled at 30 mm diameter on the sample surface in order to cover the entire 10 mm Â 10 mm nanodot array. The optical intensity was estimated to be 5 kW cm
. The photoluminescence (PL) spectra of these two samples are plotted in Fig. 1c . Despite the seemingly identical and uniform InGaN nanodot dimensions in these two samples by design, the FWHM linewidth of the etched array is less than half of that of the SAE array (350 meV). We attributed the large linewidth difference to the difference in nanodot shapes. For the etched sample, the uniform 3-nm quantum well width does not leave much room for variation, while in SAE, because of the evolving growth profile, the morphology of the InGaN layer can significantly alter the output optical properties. To verify this assertion, we have developed a phase-field model to describe the growth morphology evolution during SAE.
3 Phase-field model We simulated the growth evolution during nanoscale SAE by the phase-field method, where the value of an order parameter w differentiates between the film and vapor phases. The order parameter evolves via the Cahn-Hilliard equation, modified to enforce a fixed contact angle boundary condition at the vapor-solidSiO 2 three-phase boundary using the smoothed boundary method (SBM) [29, 30] . The position of the SiO 2 mask is represented by a domain parameter, c, which varies smoothly between 0 and 1. The three phases of the system are represented by: c ¼ 0, w ¼ 0, mask; c ¼ 1, w ¼ 0, vapor; c ¼ 1, w ¼ 1, GaN (or InGaN, which is assumed to have identical material properties for the purpose of phase-field modeling). Deposition from the vapor and from surface diffusion of adatoms from the mask are modeled using source terms, and the concentration of precursor gases in the vapor phase is assumed constant over the surface of the growing nanostructure. The SBM-modified Cahn-Hilliard equation [31] with the addition of source terms for deposition [32] is
2 is of a double-well form with the barrier height controlled by W f , e 2 is the gradient energy coefficient, u is the contact angle at the vapor-solid-SiO 2 triple point (set at 1358, which was experimentally measured), d v is the rate of deposition from the vapor directly to the nanodot surface, v(a) accounts for the anisotropy of deposition rate as a function of the angle a between the interface and the [0001] direction in the (11 20) plane (taken from [33] ), and d TPB is the deposition rate of adatoms that diffuse from the mask surface to the nanodot. A two-dimensional cross-section is simulated in the (11 20) plane because it contains slowgrowing <1 101> directions, which are normal to the {1 101} planes that bound the hexagonal pyramidal shape at the completion of growth [33] . We model the deposition due to adatoms from the mask as localized to the vaporsolid-SiO 2 three-phase boundary as in [34] using the terms w
2 and assume that d TPB is constant throughout the deposition process because the distance between nanodot edges changes very little during these early stages of deposition (we ignore the transient during the very early phase).
Comparison of simulations and experimental results
4.1 Nanostructure morphology To validate the above model, we grew GaN nanodots again at 760 8C using SAE with the same pattern geometry, but interrupted the growth at different times. The as-grown samples were imaged as shown in Fig. 2 , with growth interrupted at 1, 2, and 3 min. As a comparison, we simulated growth using the phase-field model with the following parameters: e ¼ 1, We interpreted the results shown in Fig. 2 as follows. During SAE, the primary supply of growth species to nanodots occurs through vapor-phase diffusion. In addition to direct deposition from the vapor phase, deposition occurs onto the mask, resulting in adatoms that can be incorporated through surface diffusion or vapor-phase diffusion (after reevaporation), which can enhance deposition at the edge of the nanodot [21] . This additional flux results in a localized growth rate enhancement (Stage I, Fig. 2 ). Nanoring structures are observed in this stage [16] [17] [18] . As growth proceeded, the effect of growth rate anisotropy started to coalesce different crystal planes around the edge toward the center of the nanoring (Stage II, Fig. 2) . Eventually, the slowest growing {1 101} planes dominated the growth profile, resulting in a hexagonal pyramidal shape (Stage III, Fig. 2 ).
Optical performance
The results on growth morphology evolution were also used to explain the broad PL linewidth as shown in Fig. 1c . First, we simulated the growth of the InGaN layer using the phase-field model, and from simulation, we calculated the InGaN layer profile as shown by the thick line in the inset of Fig. 3 . The thickness of the InGaN layer varied considerably (from about 2 to 6 nm) along the lateral dimension of the nanodot, as a result of the growth rate enhancement at the edge of the nanohole during the early stage of SAE. Using this InGaN layer thickness profile, we calculated the PL spectrum by assuming that the InGaN layer is a quantum well of varying well thickness. We simplified the calculation by assuming the main PL broadening mechanism came from the varying thickness. This was justified by noting that the quantum confinement in the transverse direction is much stronger than that in the lateral direction, which is around 25 nm. We applied the propagation-matrix approach and the spontaneous emission model to calculate the emission spectrum of an SQW with a particular well thickness, as described in Ref. [35] . Material parameters used in calculation were based on Ref. [36] . The overall calculated PL spectrum is the summation of all the individual SQW emission with a range of well thicknesses (2-6 nm). The quantum-confined Stark effect (QCSE) due to piezoelectric field is modeled by using a tilted quantum well energy profile (potential gradient caused by the electric field) in the SQW calculation. We assumed the internal electric field caused by the piezoelectric polarizations to be 2 MV cm À1 along the growth direction, i.e., the c-axis. We also adjusted the piezoelectric field based on the direction of narrowest transverse confinement across the quantum well region. The calculated PL is shown in Fig. 3 , and it agreed with the measured PL spectrum, except for the "peaks" caused by Fabry-Perot interference originating from the GaN template material in the unpatterned region surrounding the nanodot array. Since the excitation beam spot (30 mm diameter) is larger than the nanodot array (10 mm Â 10 mm), Fabry-Perot interference occurs in the GaN template material outside the nanodot array, bounded by the unpatterned SiO 2 on top and the sapphire substrate below.
5 Conclusions In summary, motivated by the broad luminescence from an apparently uniform InGaN nanodot array, we studied the growth profile evolution of a highdensity site-controlled III-nitride nanodot array with sub-50 nm diameters. Using the phase-field model, we were able to simulate the growth profile evolution, which agreed with the experimental results. We found that in the initial stage of the nanoscale SAE when the deposition of adatoms from the mask surface locally dominated the direct deposition onto the dot, the growth rate was locally enhanced near the dot edge. This led to non-uniform heterostructure thickness. As a result, the PL of an array of InGaN nanodots exhibited a broad linewidth, in contrast to the apparently uniform dot size. We also asserted that the further reduction of the PL linewidth is possible by controlling the InGaN layer profile based on phase-field simulation.
